The methyltransferase, M.EcoKI, recognizes the DNA sequence 5¢-AACNNNNNNGTGC-3¢ and methylates adenine at the underlined positions. DNA methylation has been shown by crystallography to occur via a base¯ipping mechanism and is believed to be a general mechanism for all methyltransferases. If no structure is available, the¯uorescence of 2-aminopurine is often used as a signal for basē ipping as it shows enhanced¯uorescence when its environment is perturbed. We ®nd that 2-aminopurine gives enhanced¯uorescence emission not only when it is placed at the M.EcoKI methylation sites but also at a location adjacent to the target adenine. Thus it appears that 2-aminopurine¯uores-cence intensity is not a clear indicator of basē ipping but is a more general measure of DNA distortion. Upon addition of the cofactor S-adenosylmethionine to the M.EcoKI:DNA complex, the 2-aminopurine¯uorescence changes to that of a new species showing excitation at 345 nm and emission at 450 nm. This change requires a fully active enzyme, the correct cofactor and the 2-aminopurine located at the methylation site. However, the new uorescent species is not a covalently modi®ed form of 2-aminopurine and we suggest that it represents a hitherto undetected physicochemical form of 2-aminopurine.
INTRODUCTION
2-Aminopurine (2-AP), an analogue of adenine, emits¯uores-cence when excited with radiation between 310 and 320 nm (1±4), a region which largely avoids absorbance by proteins and DNA and excitation of protein¯uorescence. 2-AP has a high quantum yield in aqueous solution but the¯uorescence is highly quenched when it is incorporated into DNA (1, 4) . The quenching mechanisms depend upon the surrounding bases and involve electron transfer to nearby guanine and adenine, base stacking, hydrogen bonding to other bases and collisional quenching with neighbouring bases due to DNA dynamics (4± 9). Electron transfer and base stacking (6, 8, 9) are the most quantitative mechanisms proposed so far to explain the quenching of 2-AP in DNA and we believe these are the dominant mechanisms at work (unpublished results). 2-AP can base pair with thymine and the stability of this 2-AP:T base pair is only slightly lower than the normal A:T base pair (5,10±12). Perturbations of the 2-AP within a DNA structure can change its¯uorescence behaviour. Fluorescence intensity changes caused by the binding of a protein to DNA is indicative of a change in the environment of the 2-AP. This sensitivity means that 2-AP has frequently been incorporated into DNA to study interactions with proteins such as polymerases, helicases, methyltransferases and repair enzymes (13±30). Fluorescence enhancement of 2-AP located at speci®c sites within DNA has been caused by several DNA methyltransferases and repair enzymes (13,14,16±25,27,28) . These enzymes use or are postulated to use a nucleotide basē ipping mechanism (31, 32) . In this mechanism, the speci®c nucleotide base targeted for either methylation or repair is rotated by approximately 180°around the phosphate backbone of the DNA strand into an extrahelical position which places the base in the catalytic site of the enzyme. The base¯ipping mechanism suggests that if 2-AP were located at the appropriate position, its¯uorescence would be dramatically enhanced as it was swung out of the strongly-quenched DNA double helical environment into the enzyme catalytic site. Such enhancements in¯uorescence emission intensity have been observed for enzymes known to use base¯ipping from the availability of crystal structures such as HhaI and TaqI methyltransferases and Uracil glycosylase (33±36). Fluorescence enhancements have been observed for 2-AP placed at methylation sites in DNA sequences recognized by other methyltransferases. These enzymes, although structures are either not available or are not bound speci®cally to their DNA target, are also highly likely to use base¯ipping (13, 18, 22, 24) . However, some methyltransferases which almost certainly use the base-¯ipping mechanism have induced different¯uores-cent behaviour of 2-AP (21, 23, 28) . M.EcoRV gave no enhancement of 2-AP¯uorescence when it was incorporated at the base¯ipping site whilst both M.EcoRV and M.EcoP15I induced enhanced 2-AP¯uorescence when the 2-AP was placed at a location other than the base¯ipping site. Thus it appears, as one may have expected from many studies predating the discovery of base¯ipping, that 2-AP is not only a probe for base¯ipping but also probes other aspects of DNA structure and dynamics that can also be altered by protein binding. In this paper, we present results obtained using the EcoKI DNA methyltransferase, M.EcoKI, binding to DNA containing 2-AP at various locations including the methylation sites proposed to undergo base¯ipping. M.EcoKI is a part of the EcoKI type I DNA restriction and modi®cation system and as such recognizes a bipartite DNA target sequence, 5¢-AACNNNNNNGTGC-3¢ with methylation occurring at the underlined adenine and at the adenine complementary to the underlined thymine (37±39). The enzyme comprises three subunits, one HsdS speci®city subunit for recognizing the DNA sequence and two HsdM modi®cation subunits for determining the methylation state of the target and carrying out methyl group transfer from the cofactor S-adenosyl methionine (AdoMet) to the adenine. The enzyme displays a very strong preference for methylating target sequences which already contain one methyl group on either adenine, i.e. for methylating hemi-methylated DNA. The methylation of unmodi®ed targets is extremely slow as these substrates are the preferred target for restriction by the R.EcoKI endonuclease. The ability to recognize the methylation state of the target lies within the HsdM subunits as mutations have been isolated which reduce this ability and allow effective methylation of unmodi®ed DNA (40) . Each HsdM subunit contains a catalytic domain which has been successfully modelled upon the known structures of the HhaI and TaqI type II DNA methyltransferases (41) . Mutations which reduce catalytic activity have been identi®ed (42) and support the structural correlation between type I methyltransferases and the type II methyltransferases. Thus it is highly probable that type I methyltransferases use a base¯ipping mechanism during catalysis and experimental support for this, obtained via DNA footprinting of the EcoR124I methyltransferase, is available (43, 44) . The use of the spectroscopic properties of 2-AP to investigate the type I methyltransferases has not hitherto been investigated. In this paper, we have found that 2-AP¯uorescence increases both at the base targeted for methylation but also at an adjacent base. This suggests, as found by others, that 2-AP is not a de®nitive probe for basē ipping. The addition of the AdoMet cofactor causes a further novel change in the¯uorescence of 2-AP located at the methylation site indicative of the formation of a new uorescent species. In this paper, we describe our efforts to identify the cause of this novel¯uorescence and we conclude that it is due to some physicochemical affect on 2-AP rather than a covalent modi®cation.
MATERIALS AND METHODS
M.EcoKI and mutant versions were prepared as previously described (45, 46) . These methyltransferase preparations do not contain bound AdoMet. DNA oligodeoxynucleotides were synthesized using standard phosphoramidite chemistry and puri®ed by reversed-phase HPLC. Annealing of duplexes was performed by mixing appropriate amounts of each oligodeoxynucleotide, heating to 95°C and allowing the sample to cool slowly over several hours to room temperature. A 2-fold excess of oligodeoxynucleotide lacking 2-AP was annealed to oligodeoxynucleotides containing 2-AP to ensure that there was no single-stranded DNA containing 2-AP left free in solution. The concentration of 2-AP labelled strands was 2 mM after annealing. The oligodeoxynucleotide sequences are given in Table 1 Fluorescence spectra were recorded using an Edinburgh Instruments FS900 T-geometry single photon countinḡ uorimeter with magic angle polarization and with samples thermostatted at 25°C. Excitation and emission bandwidths were 6 nm and the sample cuvette excitation and emission pathlengths were 3 mm. Samples used contained 2-AP labelled DNA duplexes at a concentration of 1 mM in 2-AP to which small volumes of concentrated M.EcoKI (60 mM stock) and AdoMet (32 mM stock) were added to ®nal concentrations of 1.92 and 307 mM, respectively. Weak baseline¯uorescence and Raman scattering from the buffer was subtracted from the excitation and emission spectra. a All oligodeoxynucleotides are based on the`parent' duplex (M.EcoKI recognition site in bold, bases that are the target for CH 3 group addition underlined): 5¢ CACGGGCCTAACGATATCGTGCGTACGAGC 3¢; 3¢ GTGCCCGGATTGCTATAGCACGCATGCTCG 5¢. Only the bases that comprise the M.EcoKI recognition sequence are shown in full in the table, other bases being designated by the letter N. Am P is 2-AP, Me A is 6-methyl-adenine. Underlined bases are at the position of methyl group addition. The parent duplex was used in either the fully unmethylated form or a hemi-methylated form with the lower oligodeoxynucleotide methylated. b The 2-AP* spectrum was a weak shoulder on the side of the normal 2-AP spectrum for these duplexes.
A Gilson HPLC equipped with absorption detection at 254 nm and¯uorescence emission detection was used for analysis of DNA. The reverse phase column (C18 Jones Chromatography) was thermostatted at 65°C. Two sets of uorescence excitation/emission wavelengths, 310/380 nm and 350/450 nm, and absorption at 254 nm were used to monitor the elution of the samples. A linear acetonitrile gradient was generated by mixing 0.1 M acetic acid, 5% acetonitrile and 0.1 M acetic acid, 65% acetonitrile. The pH of the two solvents was adjusted to 6.5 with triethylamine.
Methyltransferase activity was measured by the transfer of tritiated methyl groups from [ 3 H-methyl]AdoMet to DNA oligodeoxynucleotide duplexes labelled on one strand at the 5¢ end with biotin (Table 1) . These duplexes were used in assays based upon the method of Roth and Jeltsch (47) as modi®ed by O'Neill et al. (48) . Sixty microlitre samples containing 1 mM of biotin-labelled oligodeoxynucleotide annealed to a complementary strand (2 mM concentration) and 2 mM [ 3 H]AdoMet in 20 mM Tris, 50 mM NaCl, 0.1 mM EDTA, pH 8 were prepared. Then 2 ml of M.EcoKI was added to give an enzyme concentration of 2 mM. Samples were incubated for 30 min at 25°C. For duplexes containing 2-AP,¯uorescence spectra were recorded to con®rm the¯uorescence enhancement of 2-AP by M.EcoKI and the formation of M-AP upon addition of [ 3 H-methyl]AdoMet. After the 30 min incubation, non-radioactive AdoMet and NaCl were added to concentrations of 267 mM and 0.2 M, respectively to stop further incorporation of 3 H-methyl groups into the DNA. Biotinylated DNA was then bound to streptavidin-coated microtitre plates (Cat. no. 95029273, Labsystems) and washed to remove all molecules except the DNA. Scintillation¯uid (MicroscintÔ PS, Packard) was added and the amount of radioactivity bound to the plates determined by scintillation counting in a scintillation counter (Top-Count Microplate Scintillation Counter, Canberra-Packard).
RESULTS
Steady-state spectra of 2-AP substituted DNA and DNA-M.EcoKI complexes A set of 2-AP-containing oligodeoxynucleotides, derived from a`parent' duplex that contains an unmodi®ed M.EcoKI recognition site (Table 1) , have been synthesized and used to probe the interaction of the methyltransferase with DNA. The steady-state¯uorescence excitation and emission spectra of a duplex, containing a single 2-AP at the target site for methylation (Table 1 , duplex 1) are shown in Figure 1A (spectra 1 and 4). A broad¯uorescence emission was observed around 380 nm with excitation at 310 nm. On addition of M.EcoKI, the¯uorescence emission intensity at 380 nm increased by nearly 10-fold, and the emission peak was blue shifted by about 10 nm (Fig. 1A, spectrum 5) . The largē uorescence enhancement of 2-AP after the addition of M.EcoKI suggests that the 2-AP, which is located at the methylation target position, was exposed to an environment different from the base stacking in the DNA double helix. Furthermore, the blue shift of the emission peak indicates that the 2-AP was placed in an environment with a lower dielectric constant than inside the helix. The excitation spectrum (Fig. 1A, spectrum 2) shows enhanced excitation of 2-AP around 310 nm and excitation of both 2-AP and protein uorescence with a maximum around 280 nm as expected. The addition of AdoMet to the M.EcoKI±DNA complex gives rise, after a 15 min incubation, to the unusual spectra, numbers 3 and 6, in Figure 1A , a phenomenon further elaborated below. (Note that the drop in excitation intensity at 280 nm is due to the loss of the contribution from 2-AP as it is converted into the excitation peak around 330 nm.) The¯uorescence spectra of a number of related duplexes, all containing 2-AP at the methylation target site, were essentially identical (spectra not shown, results summarized in Table 1 ). As shown in the table, the oligodeoxynucleotides comprised: duplex 2 (2-AP iǹ bottom' strand), duplex 3 (2-AP in both strands) and duplex 4 (2-AP purine in`top' strand, 6-methyl-adenine in`bottom' strand). Table 1 ). Spectra 1 and 4, DNA duplex 1 only; spectra 2 and 5, DNA duplex 1 with M.EcoKI; spectra 3 and 6, complex of DNA duplex 1 with M.EcoKI and AdoMet taken after a 15 min incubation period with AdoMet. In these spectra, the weak buffer background and Raman scattering have been subtracted. (B) Spectra of 2-AP in duplex 5 (i.e. having 2-AP adjacent to the position of CH 3 addition, Table  1 ). Spectra 1 and 4, DNA duplex 5 only; spectra 2 and 5, DNA duplex 5 with M.EcoKI; spectra 3 and 6, complex of DNA duplex 5 with M.EcoKI and AdoMet taken after a 15 min incubation period with AdoMet. In these spectra, the weak buffer background and Raman scattering have been subtracted.
Nucleic Acids
Experiments have also been carried out with a duplex containing 2-AP in the position adjacent to the target adenine for methylation (Table 1, duplex 5). As shown in Figure 1B , the addition of M.EcoKI caused a signi®cant increase in thē uorescence intensity of both excitation and emission spectra (spectra 2 and 5 compared to spectra 1 and 4). This is unexpected as the 2-AP in this location is not expected to undergo base¯ipping upon binding of M.EcoKI. The addition of AdoMet gives rise to a further small enhancement in uorescence intensity (spectra 3 and 6) and we believe this is due to AdoMet enhancing binding of M.EcoKI to the duplex and shifting the equilibrium between free and bound DNA towards a greater proportion of bound DNA.
Effect of AdoMet on steady-state spectra of 2-AP-containing DNA duplexes
The addition of a saturating amount of the cofactor AdoMet to the DNA±M.EcoKI complex induces a major change in thē uorescence of 2-AP, providing this base is located at the methylation target site (Fig. 1A , Table 1 , duplexes 1 to 4). Immediately after addition of AdoMet, the 2-AP¯uorescence intensity increases slightly (not shown). This effect is of the same magnitude as observed in Figure 1B for duplex 5 containing 2-AP adjacent to the target site and is attributed to enhanced formation of protein±DNA complexes, as before. However, this enhancement lasts for only a few seconds as the 2-AP¯uorescence undergoes a subsequent change over the next few minutes. Figure 1A (spectra 3 and 6) shows the dramatic alteration in both excitation and emission spectra produced on incubating the 2-AP duplex/M.EcoKI complex ( Table 1 , duplex 1) with AdoMet for 15 min. Spectral changes (not shown) are observed for other duplexes containing 2-AP at the methylation position (Table 1 , duplexes 2, 3 and 4). Duplex 4 gave spectra identical to those obtained with duplex 1 whereas the spectral change was much weaker for duplexes 2 and 3. In all cases, the¯uorescence emission maximum at 370 nm, generated by the 2-AP in the binary complex, decreases and a new emission peak is formed to a greater or lesser extent at 430 nm. The excitation spectrum shows a peak at 280 nm (due to protein¯uorescence) but the shoulder around 310 nm, arising from 2-AP is replaced completely by a new maximum at 340 nm. Since the excitation spectrum of the 2-AP, after addition of the cofactor, is different from the excitation spectrum in the absence of AdoMet, the 430 nm uorescence emission must arise from a new ground state species, which we term 2-AP*. Although the appearance of 2-AP* is rapid upon addition of AdoMet to binary complexes, the 2-AP*¯uorescence also appears in the absence of cofactor; however, formation is very slow and does not go to completion (data not shown). This may be due to the presence of some AdoMet in the preparation of the enzyme, as it has been found that cofactor can remain tightly bound to other type I methyltransferases (49) . Alternatively, the formation of 2-AP* may be an intrinsic property of M.EcoKI, that is only enhanced by the addition of AdoMet.
The time course for the formation of the 2-AP*, after the addition of AdoMet to a binary complex formed from M.EcoKI and a duplex containing 2-AP in a hemi-methylated environment (Table 1 , duplex 4), is shown in Figure 2 . Thē uorescence emission of 2-AP at 370 nm decayed gradually, and was accompanied by a corresponding increase in the¯u orescence of 2-AP* at 430 nm; the variation in thē uorescence intensities at the two wavelengths ceased within 5 min. The time courses were ®tted using a ®rst-order rate equation with a rate constant for the formation of 2-AP* of 0.027 T 0.003 s ±1 and a rate constant of 0.016 T 0.004 s ±1 for the¯uorescence intensity decrease of 2-AP. The relatively small difference in these two rate constants may be attributed to the fact that we have not accounted for the initial rapid rise in 2-AP emission immediately after the addition of AdoMet. A rate constant of 0.005 T 0.0001 s ±1 was obtained for the appearance of 2-AP*, upon the addition of AdoMet to a complex of M.EcoKI with 2-AP in an un-methylated context (Table 1 , duplex 1; data not shown); a roughly 5-fold slower appearance of 2-AP* than was observed with the hemimethylated duplex.
It is worth recapitulating the effect of AdoMet on the duplex containing 2-AP at a position adjacent to one of the target adenine bases (Table 1, duplex 5). As shown in Figure 1B , no formation of 2-AP* was observed on the addition of cofactor to the complex of this DNA duplex and M.EcoKI.
Requirements for appearance of 2-AP*
The in¯uence of speci®c amino acids in M.EcoKI on the formation of 2-AP* was examined by measuring the¯uores-cence spectra of complexes containing 2-AP (Table 1 , duplexes 1 and 4) with various mutated forms of M.EcoKI in the presence of AdoMet. The amino acid changes G177D, N266D, F269G, F269C, F269Y and F269W (located in the M subunit of the enzyme) give rise to catalytic mutants (42) , all of which can bind normally to the EcoKI DNA recognition sequence. The alteration G177D abolishes AdoMet binding and activity; proteins containing the substitutions N266D, F269G and F269C bind AdoMet, but completely lack methyltransferase activity. The variants F269Y and F269W are capable of binding AdoMet and retain partial enzymatic activity. A typical example, obtained with the mutant F269Y, of the¯uorescence spectra of a bound oligodeoxynucleotide containing 2-AP (duplex 1) in the absence and presence of AdoMet is given in Figure 3 . The addition of protein to the 2-AP duplex DNA, enhanced the¯uorescence of 2-AP in the same way as observed for the wild-type protein. However, no spectral changes, characteristic of the formation of 2-AP*, were observed following cofactor addition. Similar results were obtained with all the other catalytic mutants, irrespective of whether they were inactive or retained partial activity (data not shown).
A further series of amino acid substitutions in the M subunit of M.EcoKI, namely L85Q, S144Y, E48K and L113Q, give rise to m* mutants (40) . These substitutions produce variants which have lost the preference of wild-type M.EcoKI to add CH 3 groups to hemi-methylated DNA recognition sequences rather than unmodi®ed DNA; reaction with both hemimethylated and un-methylated target sequences occurring effectively. The mutation sites are located in the N-terminal region of M.EcoKI. Addition of any of these mutant proteins to 2-AP-containing duplex (Table 1 , duplex 4) enhanced thē uorescence of 2-AP in the same way as observed for the wildtype protein (data not shown). On addition of AdoMet to the complexes of a 2-AP-containing duplex (Table 1 , duplex 4) with the m* mutants, the formation of the 2-AP*¯uorescence spectra was observed. The amount of 2-AP* produced by the mutants L85Q and S144Y was smaller than observed with the wild-type enzyme and the other m* proteins and gave rise to just a broad shoulder around 430 nm next to the residual 2-AP uorescence emission (results not shown). The kinetics of this process, although not investigated in detail, was similar to that observed using the wild-type EcoKI methyltransferase.
S-Adenosyl homocysteine (AdoHcy) is the product produced from AdoMet, following methyl group transfer to DNA. The effect of AdoHcy on the DNA±M.EcoKI complexes formed using the oligodeoxynucleotides that constitute duplexes 1 and 4 in Table 1 (i.e. containing 2-AP at the methylation site in either an un-or hemi-methylated context) was investigated. Measurement of both excitation and emission¯uorescence spectra gave no sign of the formation of 2-AP* (result not shown).
DNA methylation assay
The base 2-AP lacks a 6-amino group, the site of CH 3 group addition when M.EcoKI acts on`parent' sequences (Table 1) , containing adenine at the target site. Although the catalytic sites of M.EcoKI are considered unlikely to methylate 2-AP, this possibility was formally eliminated using biotin-labelled oligodeoxynucleotide duplexes. The addition of the biotin probe did not affect the conversion of 2-AP into 2-AP* upon addition of the [ 3 H-methyl]AdoMet, as determined by¯uores-cence spectroscopy, in cases were the 2-AP was located at the methylation target site (duplexes 1 to 4, data not shown). Control experiments using duplexes containing the parent sequence indicated extensive CH 3 addition to hemimethylated duplexes containing adenine and signi®cant methylation of un-methylated duplexes with adenine (Fig. 4,  lanes 6 and 5, respectively) . The difference in extent of methylation between the two duplexes is expected from the known preference of M.EcoKI for hemi-methylated target sequences. For un-methylated duplexes containing one adenine and one 2-AP at the methylation sites (Fig. 4, lanes  2 and 4, duplexes 1 and 2) , the extent of reaction was half that observed for the un-methylated duplex containing two adenines (Fig. 4, lane 5) . Critically, no CH 3 group addition was observed when both methylation sites were substituted with 2-AP, or when one site contained 2-AP and the other adenine was already methylated (Fig. 4, lanes 1 and 3,  duplexes 3 and 4) . We conclude that M.EcoKI is unable to add CH 3 groups to 2-AP and, therefore, that 2-AP* is not a methylated derivative of 2-AP. Table 1 ) with a mutant of M.EcoKI. Spectrum 1, DNA duplex 1 alone; spectrum 2, DNA duplex 1 with M.EcoKI F269Y mutant; spectrum 3, complex of DNA duplex 1, M.EcoKI F269Y mutant and AdoMet taken after a 15 min incubation period with AdoMet. In these spectra, the buffer background has been subtracted. Although the mutant protein can bind AdoMet and retains some methyltransferase activity, no 2-AP* is formed. (Table 1) in fully un-methylated and hemi-methylated forms, respectively.
Attempted HPLC isolation of 2-AP*
The appearance of a new excitation spectrum associated with 2-AP* requires a new ground state species which may arise from an unsuspected chemical transformation, differing from the previously eliminated methylation reaction. To investigate whether 2-AP* is a stable chemical entity, we attempted its isolation after its formation in a 2-AP-containing duplex (Table 1, duplex 4) by M.EcoKI and AdoMet. Prior to running the chromatograms (which denature M.EcoKI and result in dissociation of DNA and cofactor), the formation of 2-AP* was con®rmed by¯uorescence spectroscopy (data not shown). Figure 5A shows the elution of the mixture of the duplex, M.EcoKI and AdoMet after formation of 2-AP*, monitored using¯uorescence detection at two wavelengths corresponding to excitation/emission of 2-AP (310/380 nm) and 2-AP* (350/450 nm). Only a single peak, eluting at 21 min, is observed with¯uorescence properties corresponding to material containing only 2-AP and lacking any 2-AP*. Con®rmation that this peak is the starting oligodeoxynucleotide containing 2-AP comes from its co-elution with an authentic standard, on co-injection (Fig. 5B) . Repeating the HPLC, but using absorbance at 254 nm for detection (Fig. 5C ) reveals three peaks. As before the peak at 21 min corresponds to, and co-elutes with, the starting 2-AP-containing duplex (the peaks at 14 and 23 min are due to AdoMet and the excess of the complementary DNA strand used to prepare the duplex). It is clear that there is no extra peak which might suggest the existence of a DNA strand containing 2-AP*. These results convincingly demonstrate that while 2-AP* can be formed from 2-AP, on incubation of appropriate DNA in the presence of M.EcoKI and AdoMet, this material is only stable when bound to the enzyme. Attempts to isolate free DNA containing 2-AP*, result in its reversion to 2-AP starting material. It appears that 2-AP* does not arise from a chemical conversion of 2-AP and is not a new species which can be isolated by chromatography.
DISCUSSION
The base-¯ipping mechanism has been proposed as a general means used by methyltransferases for AdoMet-dependent methylation of DNA (31,32) and 2-AP has been broadly used as a¯uorescence probe for detection of the existence of basē ipping (13,14,16±20,22,25,27 ). An increase in 2-AP¯uores-cence intensity induced by the binding of M.EcoKI to DNA containing 2-AP at the methylation site, i.e. duplexes 1±4 in Table 1 , has been observed in our study. However, a similar uorescence increase after the addition of M.EcoKI to DNA with 2-AP in the position adjacent to the target adenine base, i.e. duplex 5 in Table 1 , has also been observed. Therefore, these results suggest that, although the base-¯ipping mechanism may be used by M.EcoKI for DNA methylation, the enhancement in 2-AP¯uorescence caused by the binding of M.EcoKI to its recognition sequence is not a de®nitive signal of base-¯ipping at the methylation site. This is consistent with the conclusions drawn by Reddy and Rao (23) and Jeltsch and colleagues (21, 28) and would be expected given that 2-AP has been used for diverse assays of other DNA binding enzymes. Changes in 2-AP¯uorescence emission intensity appear to be only indicative of a general change in the environment of the probe upon perturbation by protein binding.
However, the addition of AdoMet to complexes of M.EcoKI with DNA containing 2-AP at a methylation site produced a most unusual effect. A new and signi®cant uorescence emission peak appeared at 430 nm and this new peak was maximally excited by irradiation around 345 nm, a region far removed from the normal excitation spectrum of 2-AP. These excitation and emission characteristics indicate that the¯uorescence is derived from a new ground electronic state species which we refer to as 2-AP*. The requirements to produce 2-AP* are (i) an active M.EcoKI enzyme with no amino acid substitutions in the two known AdoMet-binding and catalytic motifs (42), (ii) the cofactor substrate AdoMet rather than the cofactor product AdoHcy, and (iii) the 2-AP located at either of the two methylation sites within the recognition sequence. The 2-AP* product appears rapidly when using hemi-methylated DNA with 2-AP on one DNA strand and N6-methyl adenine (Table 1 , duplex 4). The rate of appearance is similar to the rates of methylation of hemi-methylated DNA observed in assays of M.EcoKI (45, 48) . 2-AP* appears more slowly when using unmethylated substrates with 2-AP on one strand and adenine on the other (duplexes 1 and 2, Table 1 ) but its rate of appearance is much faster than the addition of CH 3 groups to un-methylated DNA by M.EcoKI. This would suggest that 2-AP* appearance is actually related to a step in the overall reaction prior to the actual methyl group transfer from AdoMet to the DNA. We have found that the 2-AP* species is not simply a methylated form of 2-AP and indeed does not survive the removal of protein and AdoMet from the DNA duplex nor the separation of the two DNA strands. From our results, we conclude that 2-AP* is formed by the speci®c three-dimensional arrangement of protein, AdoMet and DNA around the 2-AP itself. This conformation is adopted over the course of several minutes, a time scale similar to the reaction cycle of the enzyme. Despite possessing enzyme activity, the two mutant proteins containing the substitutions F269Y and F269W do not trigger formation of 2-AP* suggesting that the location and chemical character of Phe269 are as important for the formation of 2-AP* as the cofactor AdoMet and the correct location of the 2-AP in the DNA sequence. It is regrettable that a high resolution structure of M.EcoKI is not available and structural models, based on homology with other methyltransferases (41, 50) , are not accurate enough to de®ne how 2-AP* is formed. However, there is evidence that type I methyltransferases do carry out base¯ipping in the same manner as structurally characterized methyltransferases (43, 44) , so we assume that 2-AP* requires base¯ipping of the 2-AP into the active site of M.EcoKI, where it comes into contact with AdoMet and Phe269 amongst other unspeci®ed interactions. There are no literature reports of a species having the spectral properties of 2-AP* but its formation could arise as a consequence of alterations to hydrogen bonding, protonation and van der Waals interactions, following¯ipping of 2-AP into the active site. Stacking of aromatic groups on either side of the 2-AP base is likely, as observed for M.TaqI, the only DNA dA methyltransferase for which co-crystal structures are available (36) . However, stacking would be expected to have a large quenching effect on¯uorescence so it would seem likely, given the large amount of emission intensity observed for 2-AP*, that this is not a major contributor. Hydrogen bonding or pH dependent protonation could occur at the N1, N3 or N7 positions of the¯ipped 2-AP. Position N1 hydrogen bonds to thymine in duplex DNA in a normal Watson±Crick base pair so it is unlikely that simple hydrogen bonding, to this position, following base¯ipping is going to cause a dramatic change in¯uorescence. Intriguingly, protonation and deprotonation of the base analogue formycin at positions N1 and N6 (equivalent to N7 and N1, respectively in 2-AP) give rise to the formation of¯uorescence emission at wavelengths longer than observed for formycin in neutral solution (1) so perhaps when 2-AP is¯ipped into the M.EcoKI active site a protonation/deprotonation event occurs. One could also consider hydrogen bonding or protonation of the N3 position. In addition, tautomerization of free 2-AP between positions N7 and N9 has been proposed from theoretical studies (51) and, although the N9 position is not available for such a process for 2-AP in DNA, it has also been calculated that the N1 position can also take part in tautomerization with 2-AP existing in the imino form. The calculations indicated that such a form would be very rare but perhaps the environment in the M.EcoKI±DNA±AdoMet complex can in¯uence the nature of the N1 position. Clearly, there is a need for better understanding of the physical chemistry of 2-AP as our HPLC results appear to indicate that 2-AP* is actually 2-AP existing in some unusual state.
